Genetic variation was first shown to be important in systemic lupus erythematosus (SLE or lupus) in the 1970s with associations in the human leukocyte antigen region. Almost four decades later, and with the help of increasingly powerful genetic approaches, more than 25 genes are now known to contribute to the mechanisms that predispose individuals to lupus. Over half of these loci have been discovered in the past 2 years, underscoring the extraordinary success of genome-wide association approaches in SLE. Well-established risk factors include alleles in the major histocompatibility complex region (multiple genes), IRF5, ITGAM, STAT4, BLK, BANK1, PDCD1, PTPN22, TNFSF4, TNFAIP3, SPP1, some of the Fcg receptors, and deficiencies in several complement components, including C1q, C4 and C2. As reviewed here, many susceptibility genes fall into key pathways that are consistent with previous studies implicating immune complexes, host immune signal transduction and interferon pathways in the pathogenesis of SLE. Other loci have no known function or apparent immunological role and have the potential to reveal novel disease mechanisms. Certainly, as our understanding of the genetic etiology of SLE continues to mature, important new opportunities will emerge for developing more effective diagnostic and clinical management tools for this complex autoimmune disease.
Introduction
Systemic lupus erythematosus (SLE or lupus) is a complex autoimmune disease with multisystem organ involvement, characterized by autoantibody production and tissue injury. SLE etiology is now at least partially known, involving multiple genetic and environmental factors. A genetic component in lupus is supported by a high sibling risk ratio (l s ¼ 8-29) and heritability (466%) and higher concordance rates between monozygotic twins (435%) relative to dizygotic twins and other full siblings (2-5%). [1] [2] [3] [4] [5] [6] The available evidence suggests that the genetic risk for lupus is derived from variation in many (perhaps as many as 100) genes, each of modest effect size (odds ratios generally between 1.15 and 2.0).
Genetic discoveries and emerging technologies are in the process of transforming the basic understanding of human disease. The advent of high-throughput genotyping and advances in computing over the past couple of years have led to the rapid discovery of numerous convincingly established genetic associations ( Figure 1 ).
Intense efforts are underway to refine the genetic effects at these loci and elucidate the biological mechanisms that lead to SLE. Many more associations in need of careful replication studies have also been identified. Success in this endeavor is determined by four fundamental factors: a germ-line genetic basis for the phenotype, rigorous and careful phenotyping sufficient to decrease genetic heterogeneity relative to controls, well-designed and competently executed high-density surveys of the genome, and collaborative efforts permitting the analysis of several thousands of individuals.
In the past 2 years, a series of landmark studies have been reported that have revolutionized our understanding of the genetics of lupus. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] These are composed of insightful candidate gene studies and are anchored by genome-wide association (GWA) studies that include more than 10 000 individuals of European descent genotyped at over 300 000 single nucleotide polymorphisms (SNPs). Before 2007, there were nine established lupus susceptibility genes identified through candidate gene studies or linkage approaches. On the strength of the GWA studies, that number has swelled to more than 30 convincing genetic associations (Table 1; Figures 1  and 2) . Many of these genes have important roles in immune functioning whereas others have no known role in immunity or are located in anonymous stretches of DNA. Non-European-derived groups await large-scale genetic studies to determine the extent of overlap with risk variants identified in European-derived cohorts and define novel population-specific effects. Successful mapping of risk loci for lupus is comparable to inflammatory bowel disease where over 30 loci have now been identified. 17 In this review, we summarize the confirmed genetic risk loci identified to date, placed in the context of major SLE disease pathways where possible. We emphasize recent studies that are particularly informative for shaping our view of the emerging genetic landscape of SLE.
Innate immunity genes
Innate immune mechanisms in SLE have received a surge of interest in recent years, which in part have been driven by descriptions of an 'interferon (IFN) signature' composed of increased levels of IFN-inducible genes and correlated with more severe disease manifestations. 18, 19 Most cells produce type I (IFNa and IFNb) IFNs during early responses to viral infections, with exceptionally intense production from plasmacytoid dendritic cells (pDCs). Abnormally high levels of INFa have been observed in patients with SLE. 19 INFa promotes dendritic maturation and proinflammatory cytokine production, leading to diverse effects on immune functions including stimulation of Th1 pathways, promotion of B cell activation and regulation of apoptosis.
IRF5 (IFN regulatory factor 5) regulates type I IFN-responsive genes and has been one of the most consistently associated genes with SLE outside the major histocompatibility complex (MHC). With an odds ratio X1.5, this transcription factor substantially contributes to SLE risk. 7, [20] [21] [22] In European-derived cases, multiple susceptibility polymorphisms have been identified and include an SNP that creates a novel splice site in exon 1B (rs2004640), an SNP located in the 3 0 UTR that creates a polyadenylation site resulting in a shorter transcript with 22 These studies have led to a model involving Toll-like receptor (TLR) signaling, particularly TLR7 and TLR9, thought to be triggered by nucleic-acid-containing autoantibody complexes or apoptotic or necrotic cell debris that results in high levels of type I IFN production by pDCs and is mediated by IRF5. IRF5 levels are increased by INFa and IRF5 induces the production of INFa, generating the possibility that this positive feedback loop is part of a molecular mechanism that produces the clinical abnormalities of SLE. 19 Several additional genes with influence on IFN pathway and related innate immune signaling functions have been associated with SLE. IRAK1 (interleukin-1 receptorassociated kinase) is a serine/threonine protein kinase located on chromosome X and involved in Toll/ interluekin-1 receptor family signaling. IRAK1 links several immune receptor complexes to the central adapter/activator protein, TRAF6, and regulates multiple pathways in both innate and adaptive responses. Recent studies by Jacob and colleagues 9, 23 offer important insight into IRAK1 function in murine models of SLE and support a possible role for IRAK1 in induction of IFNa/g, regulation of nuclear factor-kB (NFkB) in T cells and TLR activation. They hypothesized that gene dosage of IRAK1 may contribute to female predominance of SLE by virtue of its location on chromosome X.
Association with the rs7574865 SNP in the third intron of STAT4, or signal transducer and activator of transcription 4, was originally identified in rheumatoid arthritis (RA) patients and SLE through positional cloning. 24 This variant is thought to contribute to more severe disease including nephritis, early disease onset and production of anti-dsDNA autoantibodies. 25 STAT4 is involved in cellular differentiation, proliferation and apoptosis following cytokine and growth factor signaling. 26 Like IRAK1, variation in STAT4 likely influences both innate and adaptive functions of immune responses in SLE. The rs7574865 risk variant has recently been shown to confer an increased sensitivity to IFNa signaling in peripheral blood mononuclear cells from SLE patients. 27 In addition to activation by type I IFN receptor engagement, STAT4 is also induced by interleukin (IL)-23 and IL-12 (primarily produced by dendritic cells), forms homodimers that translocate to the nucleus and promotes differentiation of T cells into IFNg-producing Th1 cells. A very recent study by Abelson et al. 28 describes an additional independent genetic association with SLE. This second variant, rs3821236, is located in intron 16 of STAT4 and may contribute to differential associations across various European-derived populations. They further show an additive effect between STAT4 and IRF5 for increased risk of developing SLE. 28 The potential repertoire of STAT4 risk variants has also been expanded in African-American, Hispanic-American, Asian and Latin-American populations. 29 Association with SLE of a risk haplotype spanning the tumor necrosis factor-a-induced-protein 3 (TNFAIP3) was recently identified through a GWA study testing association of SLE with over 300 000 SNPs. 19 An SLE risk haplotype was identified that appears to be of considerable effect size (odds ratioB2.28) present in a minority of patients (minor allele frequencies of B0.03 to 0.07). Studies in RA, psoriasis and Crohn's disease suggest TNFAIP3 operates in multiple autoimmune diseases with potentially complex and differential genetic effects. 30 The TNFAIP3 gene codes for the zincfinger A20 protein. A20 is a ubiquitin-editing enzyme required for effective termination of NFkB-mediated proinflammatory responses downstream of signal transduction through TLRs, IL1R, TNFR and NOD2. Targets of A20 include TRAF6, RIP1, RIP2 and IKKg/NEMO.
Association of osteopontin (SPP1) with SLE in men as well as with women with early onset disease has recently been identified. 31, 32 SPP1 is a multifunctional cytokine Insights into the genetic basis of SLE KL Moser et al that is overexpressed in SLE patients and shown to be critical for IFNa production in murine pDCs. Another gene involved in induction of IFN responses that has been associated with SLE is the 3 0 DNA repair exonuclease 1 gene, TREX1. 33 Although rare, genetic association of TREX1 with SLE introduces an additional potential disease mechanism related to innate immunity. TREX1 metabolizes reverse-transcribed single-stranded DNA of endogenous retroelements as a function of cell-intrinsic antiviral surveillance resulting in a potent type I IFN response. 33 
MHC
The strongest association in European-Americans is in the MHC region at 6p21.3 and extends an amazing 7.2 Mb across a region of unprecedented linkage disequilibrium. 8, 10 There is no other region of such extraordinary genetic effect in the genome. There are more than 120 genes in the HLA (human leukocyte antigen) class I, II and III regions, many of which are important in immune function. Although the majority of previous work has focused on the class II HLA-DR molecules, recent results raise the serious possibility that important susceptibility genes, perhaps even more important susceptibility genes for SLE, lie in the class III region of HLA. For example, the gene with the highest association in one study is not in or next to HLA-DR or HLA-DQ, but rather in the MSH5 (mutS homologue 5) gene in class III. 10 This gene is important in facilitating DNA re-arrangements that lead to immunoglobulin class switching. 34 Evidence for an independent class III effect has been supported by a family-based study of SLE trios centered around an SNP in intron 6 of the SKIV2L (super viralicidic activity 2-like) gene. SKIV2L is thought to be an RNA helicase and is highly expressed in T, B and dendritic cells. 8 Perhaps, MSH5, SKIV2L or one of its close neighbors is a risk factor for SLE that is independent of the HLA-DR and HLA-DQ loci that have been so frequently studied. Additional independent associations are likely to be defined. Comprehensive evaluation of dense genotype data across this region will be required to characterize fully the genetic contribution of this immunologically rich region of the genome.
Lymphocyte signaling
A hallmark of SLE is autoantibody production, long thought to be an antigen-driven process leading to aberrant adaptive immune responses. Multiple genetic risk loci that operate in T and B cell lineages have now been associated with SLE and illustrate the importance of lymphocyte signaling, regulation of activation and proliferation, and careful control of tolerance mechanisms that, when disrupted, can lead to autoimmune processes.
Reduced T-cell receptor (TCR) signaling is thought to increase risk for autoimmunity. The R620W polymorphism in exon 14 of PTPN22 (protein tyrosine phosphatase 22), which encodes the lymphoid-specific tyrosine phosphatase (LYP) protein, appears to be involved in multiple autoimmune phenotypes (reviewed in Chung and Criswell 35 ). PTPN22 was originally identified as a candidate gene for type I diabetes and RA, with subsequent demonstration of an association with SLE, autoimmune thyroid disease and other humoral autoimmune disorders. The risk R620W polymorphism is thought to increase phosphatase activity by disruption of the interaction of LYP with CSK and disturb the regulation of the TCR signaling kinases LCK and FYN, as well as ZAP-70 and TCRzeta. The 620W risk allele is a gain-of-function variant, with increased catalytic activity compared to the 620R variant and is thought to be a more potent suppressor of TCR signaling. To date, the association with PTPN22 appears to be more robust in familial SLE cases compared to sporadic SLE cases. Interestingly, its effects are strongest in northern Europeans. In addition, recent work by Orru et al. 36 has identified an association of a loss-of-function variant, R263Q, that also affects phosphatase activity of PTPN22. They demonstrate a protective association of the Q263 allele that appears to be independent of the R620W polymorphism, and is also consistent with alterations in TCR signaling thresholds.
The TNF superfamily member, TNFSF4 (or OX40L), is expressed on antigen-presenting cells. Its receptor, TNFSFR4 or OX40, is expressed on activated T cells and, together, the binding of TNFSF4/TNFSFR4 is a co-stimulator of T cells. 37 TNFSF4 is located at 1q25, close to the Fcg receptor cluster. A 13-marker haplotype upstream of TNFSF4 is associated with lupus 15 and correlated with increased expression of TNFSF4. Increased levels of TNFSF4 are thought to lead to the increased co-stimulation for CD4 þ T cells and further activate the antigen-presenting cells that express TNFSF4, thereby destabilizing peripheral tolerance. 37 The programmed cell death 1 gene (PD-1 or PDCD1) is an immunoinhibitory receptor that belongs to the B7/ CD28 family and leads to the downregulation of T and B cell activities. PDCD1 was one of the first SLE genes identified through classic linkage and positional cloning approaches in multiplex families. The SLE-associated intronic SNP, PD-1.3, disrupts the binding site for the RUNX1 transcription factor, lowering the threshold for resisting immune responses against self. 38 Although conflicting reports have been published since the original association, a recent meta-analysis supports a role for PDCD1 in SLE. 39 Genes involved in B cell receptor (BCR) signaling contribute to lupus susceptibility. BANK1 (B cell scaffold protein with ankyrin repeats) is a newly described B cell adapter protein expressed predominantly in B cells. Association of SLE has been identified with three variants 13 that are expected to lead to an altered B cell activation threshold to increase lupus risk. LYN (Yamaguchi sarcoma viral oncogene) is a protein tyrosine kinase that physically associates with the BCR, is a binding partner of BANK1 and was shown to be associated with SLE in a recent GWA. 13 The B-lymphoid tyrosine kinase (BLK) affects functions associated with the development of B cells before the appearance of the BCR. BLK is a member of the Src family and may influence cell proliferation, differentiation and B-cell tolerance. Interestingly, association of BLK with SLE has been identified in the promoter region that is shared with the C8orf13 (FAM167A) gene. The two genes are transcribed in opposite directions. Risk at this locus is associated with reduced expression of BLK mRNA in transformed B cell lines and increased expression of C8orf13 transcripts. 11 The function of C8orf13 is unknown.
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Complement and immune complex clearance
The importance of complement components and effective immune complex clearance has long been recognized in SLE. Even with several decades of work, novel members with evidence for association to SLE continue to be identified and expand on our working knowledge of the relationships to development of SLE and risk for serious manifestations such as nephritis. Rare variants are likely to have a meaningful role in SLE susceptibility and are at present perhaps best illustrated by associations with complement components. Recent work by Gorlov et al. 40 shows a negative correlation between minor allele frequency and the predicted probability that the variant would adversely affect protein function. In lupus, the complement component genes, C2, C4A, C4B and C1q, exhibit associations with very strong effect sizes through recessive genetic modes of inheritance of uncommon alleles. [41] [42] [43] [44] [45] [46] Despite their importance, the statistical power of case-control study design using association tests has very low power for detecting recessive effects. 47 Coupled with the multiple testing problems and difficulty of current genotyping platforms to reliably genotype rare variants, GWA studies will have a difficult time detecting these associations.
Multiple members of the Fcg receptor family have been associated with SLE and are reviewed in detail elsewhere in this issue. 48, 49 Briefly, FcgRIIIA and FcgRIIA, the gene products of FCGR3A and FCGR2A, respectively, are both activating receptors and members of the immunoglobulin superfamily. FcgRIIIA is expressed on natural killer cells, macrophages and some monocytes whereas FcgRIIA is widely expressed on hematopoietic cells and is usually studied on neutrophils. Missense mutations of FCGR2A (H131R) and FCGR3A (F176V) alter their affinity for particular subclasses of IgG. 50 These changes are thought to influence immune complex processing, leading to alternate fates for immune complexes that encourage autoimmune responses. C-reactive protein (CRP) binds FcgRI, FcgRIIB and FcgRIIA on the surface of leukocytes. Its binding to FcgRI or FcgRIIA leads to phagocytosis and the release of inflammatory cytokines whereas binding to FcgRIIB blocks its activating signals. 51, 52 Heritability of CRP levels has been widely shown and association with SLE is partially accounted for by genetic variation in the promoter. 52 Other forms of genetic variation such as copy number variations (CNVs) may also have a role in the risk of SLE or lupus nephritis through the Fcg receptors, including FcgRIIIB. 53 Newly discovered association of SLE with ITGAM was found independently in both GWA and positional cloning studies. [10] [11] [12] ITGAM encodes the a-chain of aMb2 integrin (also known as Mac-1, CR3 and CD11b/ CD18). Functions of ITGAM include immune complex clearance as well as leukocyte activation, adhesion and migration from the bloodstream through interactions with a wide range of ligands including C3bi, fibrinogen and intracellular adhesion molecule-1. The putative causative polymorphism (rs1143679 in exon 3) in ITGAM is not obviously related to either the integrin function or iC3b-binding function of this macrophage/monocyte cell-surface molecule, but there are many poorly characterized binding properties of ITGAM that are potentially relevant to disease risk. 12 Strong and robust association of ITGAM was confirmed in a meta-analysis of nine independent cohorts and supported a role for the putative causal allele in European-and African-derived populations. Interestingly, this SNP is essentially monomorphic in Asians, providing a clear example of population-specific risks for SLE. 54 
Chromosome X
Lupus is a disease affecting women 10-fold more than men. This discrepancy in prevalence between genders could be due either to direct effects of sex chromosomes or indirect effects of chromosomes such as those mediated by sex hormones. In a recent study by Scofield et al., 55 support for a direct role was evaluated by assessing the prevalence of Klinefelter's syndrome in a large cohort of patients with SLE. Prevalence of Klinefelter's, defined by 47,XXY karyotypes, was approximately 14-fold higher in men with SLE compared to those without SLE. This risk (B1:900) is closer to the female risk of SLE (B1:1400 in European ancestry) instead of the male risk for individuals with normal 46,XY karyotypes. 55 The recent identification of IRAK1 (described above) supports direct effects of chromosome X, possibly through gene dosage effects. In addition to IRAK1, a risk haplotype in the methyl-CpG-binding protein 2 gene (MECP2) has been associated with SLE and suggests a potential role for DNA methylation in the pathogenesis of SLE. Webb et al. 56 reported gene expression profile differences in Epstein-Barr virus transformed B cell lines derived from SLE patients that were identified by comparing cases either with or without the risk haplotype. Genes that were upregulated had significantly more CpG islands in their promoter regions, including a substantial number of genes regulated by IFNs. As a caveat, the involvement of MECP2 has the potential to also generate a positive feedback loop by accentuating the effect on binding the methylated cytosines of itself, in the MECP2 gene. As with IRAK1, mapping of MECP2 on chromosome X raises the possibility of a gene dosage effect that may contribute to increased prevalence of SLE among women. The origin of the powerful difference in risk by sex chromosome composition is important, whether from here we subsequently establish that lupus is related to the signal transduction function of IRAK1 or the influence of gene expression of MECP2 through gene methylation or some other aspect of associated DNA on chromosome X.
Other loci
The genes with no known relation to immune function (KIAA1542, PXK, XKR6, FAM167A and others yet to be discovered) are potentially the most interesting. The mechanisms by which these mystery genes operate to increase risk will serve to constitute a more complete picture of established lupus pathways (such as IFN signaling), or may constitute novel relationships to lupus autoimmunity. In the case of KIAA1542, the genetic effect observed may be due to close proximity with interferon regulatory factor 7 (IRF7), a gene that also has a major role in type I IFN signaling. 10 Indeed, the associations in anonymous regions of DNA with no obvious connection to a gene product must have mechanisms that influence lupus pathogenesis and autoimmunity in ways that implicate fundamental aspects of biology that are today unknown.
Gene and environment interactions
More complex data analysis approaches using the wealth of genetic information collected to date are only partially explored. As part of the GWA study completed by the International SLEGEN (SLE genetics) consortium, none of the robust associations exhibited evidence of epistasis. 10 In this study, and using several of the genes mentioned herein, a stepwise multiple logistic regression analysis suggested the variants in the PXK, HLA region, IRF5, KIAA1542 and ITGAM genes act independently. When considered jointly, they are strongly predictive of lupus with significant sensitivity and specificity. Although biased upwards because part of the data was used to identify the associations, the area under the receiver operating characteristic curve, C statistic, was 0.67. In addition, these variants jointly explain B15% of the lupus sibling risk ratio of 29 . 10 Although refinement of these associations is required and their potential roles in gene-gene or gene-environment interactions need to be further investigated, all of these associations are robust and forged in the fires of further replication and fine mapping.
Conclusions
Genetic variation is the most basic determinant of host contribution to phenotype. The consequences of such variations are now discoverable in such abundance that our capacity to assimilate, much less explain them, is overwhelmed. SLE has long been considered a prototypic autoimmune disease, and from the genetics perspective, has served that title well. The coming years will most certainly continue to reveal additional associations, refinements to our current understanding of those established thus far and provide new clues to explain the clinical heterogeneity that is a hallmark of SLE. Additional work will include detailed genetic studies in multiple ethnic groups, the development of models of disease that incorporate environmental influences, and studies to determine the overlapping and unique relationships among genetic variants associated with other related autoimmune phenotypes. Every robust, authentic association has a compulsory role in pathogenesis, which promises to change profoundly our capacity to diagnose, predict and treat human disease.
